To generate a domestic horse genome map we integrated synteny information for markers screened on a somatic cell hybrid (SCH) panel with published information for markers physically assigned to chromosomes. (1, 2, 3, 4, 6, 9, 10, 11, 12, 13, 15, 18, 19, 20, 21, 22, 23, 24, 26, 30, X and Y). The other 11 syntenic groups were provisionally assigned to the remaining chromosomes based on information provided by heterologous species painting probes and work in progress with type I markers.
Introduction
The genome of the domestic horse consists of 31 autosomal linkage groups, plus those of the Xand Y-chromosomes. Gene mapping in the domestic horse (Equus caballus) lags behind other livestock species, mice and humans.
About 100 genes and microsatellites have been mapped to 19 linkage or physically assigned (chromosomal) groups in the horse, but no comprehensive map has been defined (reviewed in Bowling 1996; Breen et al. 1997; Godard et al. 1997) . A basic framework map of the horse genome is needed that will integrate both anchor type I genes (protein coding) and type II markers (non-coding, e.g. microsatellites) on every chromosome (O'Brien et al. 1993) . This horse framework map will contribute data for evolutionary comparisons of gene conservation in mammalian species. A framework horse map will allow linkage mapping strategies to identify potential candidate genes for horse traits of interest by accessing the extensive information available from human and mouse genetics research.
To generate a domestic horse genome map, we integrated synteny data for horse markers screened on a mouse±horse somatic cell hybrid panel and published information for horse markers physically assigned to chromosomes. Information from the application of fluorescently labeled heterologous species chromosome painting probes (Zoo±FISH), which identifies conserved chromosomal segments between horse and human (Raudsepp et al. 1996; Lear & Bailey 1997) , was also essential for relating the synteny data to specific chromosomes.
This report describes the results of the first phase of our synteny mapping studies of type II markers for horses (RAPDs and microsatellites) in which markers are potentially identified for every syntenic group of the horse. The great increase during recent years in successful gene mapping studies for domestic animals such as cattle (Vaiman et al. 1994) , sheep (Crawford et al. 1995) and pigs (Rettenberger et al. 1994) has, in part, resulted from the identification of a large number of microsatellites. Screening of reference families with microsatellite markers has allowed the construction of linkage maps with high marker densities and nearly complete genome coverage in these livestock species. However, microsatellite marker information cannot readily be exchanged between distantly
To make full use of the comprehensive gene maps for other species, horse microsatellite loci must be positionally related to coding loci (O'Brien et al. 1993) whose relationships are highly conserved. Somatic cell hybrid (SCH) panels are ideally suited to establish syntenic groups that provide the associations between microsatellite and coding loci. SCH panels have been used successfully for pig and cattle mapping (e.g. Womack & Moll 1986; Vaiman et al. 1994; Zijlstra et al. 1994) and previous studies have shown their effectiveness for horses (Williams et al. 1993; Bailey et al. 1995; Bickel et al. 1998) .
In this report we provide information for 33 syntenic groups in the horse genome based on 240 markers (58 RAPDs and 182 microsatellites) assayed by PCR on a SCH panel. A subsequent report will provide information for the syntenic relationships of coding genes with these markers (Caetano et al. in preparation) .
Materials and methods

Establishment of G418 antibiotic resistant horse fibroblasts
A primary culture of horse fibroblast cells was established from an ear cartilage biopsy of a male less than 2 weeks old. Cells were cultured in a 1:1 mixture of DMEM (#430±1600EB from GIBCO/BRL, Grand Island, NY) and Ham's F-12 (GIBCO/BRL #430±1700EB) supplemented with 10% fetal calf serum (FCS), and antibiotic/ antimycotic agents (penicillin 50 U/ml; streptomycin 50 mg/ml; fungizone 50 mg/ml; GIBCO/ BRL #600±5245AE). When fibroblast outgrowths became too compact or covered »50% of the bottom of the tissue culture plate, trypsin digestion was used to release the cells from the plate. These cells were replated in 25 cm 2 tissue culture flasks. Medium was changed in the flasks two or three times per week and cultures were split as required. Primary horse fibroblast cells were transformed to G418 resistance using calcium-phosphate transfection of pSV2neo (Southern & Berg 1982) . Following addition of the calcium-phosphate-DNA precipitate, cells were incubated at 37°C in 3% CO 2 atmosphere for 6 h; then the culture medium and DNA precipitate were removed and replaced with 20% dimethyl sulphoxide (DMSO) in DMEM with 10% FCS for 3 min at room temperature. The cells were washed three times in phosphate-buffered saline, the culture media replaced and the cells returned to a 37°C incubator with a 5% CO 2 atmosphere. If confluent the next day, cultures were split 1 to 2.
Selection for pSV2neo transformed cells was started 48 h after transfection by the addition of fresh medium containing 75 mg/ml G418 (Geneticin, GIBCO/BRL #860±1811II). The medium was replaced 4 days later with fresh medium containing 75 mg/ml G418 and 4 days later the selection pressure was increased to 100 mg/ml G418. After 2 weeks most non-transformed cells had died, and by 3 weeks G418 resistant colonies were visible. G418 resistant cells were collected by trypsinization and pooled into fresh 25 cm 2 tissue culture flasks.
Cultures were split when »80% confluent. Cells were either used for DNA isolation, in fusion experiments, or stored in liquid nitrogen.
Establishment of SCH panel
G418 resistant horse primary fibroblasts and either mouse RAG or LMTk -cells were fused using polyethylene glycol (PEG) 4000 (GIBCO/ BRL #670±4030AC) according to established protocols (Davidson & Gerald 1976; Schneiderman et al. 1979) . Two separate fusion experiments were carried out with each of the mouse cell lines, with multiple plates used in each experiment. Briefly, the protocol was: day 1 -mouse and horse cells were plated together; day 2 -cultures were treated with PEG 4000; day 4 -selection was started using 200 mg/ml G418; day 6 or 7 -G418 was increased to 400 mg/ml and oubain was added (10 ±5 m) for 24 h. The G418 killed unfused mouse cells and the oubain killed unfused horse cells. G418 was increased up to 1200 mg/ml as needed until cells on control mouse plates under selection were completely killed and chromosome preparations of cells from fusion plates showed no mouse-only chromosome spreads.
Chromosome analysis
Chromosome preparations were prepared from fibroblast cultures following incubation with colcemid (0 . 2 mg/ml final concentration) for 1 h then processed using hypotonic KCl (0 . 075 m) and 3:1 methanol/glacial acetic acid fixative as per standard protocols. Cells were stained using the Giemsa-11 protocol (Friend et al. 1976) which differentiated horse and mouse chromosomes by color, allowing the horse chromosome complement to be counted in metaphase cells.
Marker analysis
DNA was isolated from SCH cells using a salt precipitation protocol (Miller et al. 1988) , diluted to 5 ng/ml as the working concentration, and stored at 4°C. Using PCR, mouse and primary horse fibroblast DNA samples were screened with RAPD and microsatellite primers. Primers that amplified DNA fragments in the horse and not in the mouse cell lines were used to screen the 108 individual SCH clones. Thirty primers from RAPD kits (Operon Technologies, Alameda, CA) provided useful markers (see Table 2 ). PCR conditions for RAPDs were those used by Michelmore et al. (1991) except the primer concentration was increased to 0 . 4 mm per reaction. All RAPD markers were scored independently by two individuals and only those bands that were reliably and consistently identified by both scorers were used.
One hundred and eighty-two microsatellite primer pairs were used to screen the SCH panel (Table 1) . PCR was carried out in 96-well plates on a thermal cycler (PTC-100, MJ Research Inc., Watertown, MA), in a 15-ml reaction volume with 15 ng template DNA, 150 mm each dNTP (dATP, dCTP, dGTP and dTTP), 1 . 5 ml 10´PCR buffer (Promega, Madison, WI) and 0 . 5 U of Taq (Promega). Reaction mixtures also contained 1 . 0±2 . 5 mm MgCl 2 and 10±180 pmol of a set of primer pairs, adjusted as necessary to obtain optimal results. The samples were preheated for 5±10 min at 94°C and then thermocycled at 94°C for 1 min, 50± 65°C for 30 s, 72±74°C for 40 s, for 30±35 cycles; 72±74°C, 10 min and held at 4°C before electrophoretic analysis. The annealing and extension temperatures and cycle numbers were optimized for each primer pair. Electrophoresis of PCR products was performed in 0 . 5´TBE buffer for 2 h at 90 V constant voltage in 2 . 0% agarose gel containing 3 ml of ethidium bromide (10 mg/ml) or, if fluorescent end-labeled primers were used, in 1´TBE (pH 8 . 35) using a 6 . 0% denaturing polyacrylamide gel on an automated sequencer (377, Applied Biosystems, Foster City, CA) with the molecular weight standards GeneScan-350 ROX (Applied Biosystems) in each lane.
Statistical analysis
Clones were scored for the presence or absence of each marker. Data were analyzed for synteny by calculating the correlation coefficient (r) and concordancy (%) for all pairs of markers. Synteny between pairs of markers was assigned by correlation coefficients 0 . 70, a value chosen according to the guidelines of Chevalet & Corpet (1986) . Concordancy values between markers in syntenic groups ranged from about 83% to 100%.
Results
Establishment of horse±mouse SCH lines
In a preliminary report, we used a clone panel of 67 cell lines (Bickel et al. 1998 
RAPD markers
Thirty RAPD primers yielded 135 PCR product bands that could be reliably scored as markers for the horse fibroblast DNA but were absent using the mouse cell line DNA. The number of scorable markers per primer ranged from one to eight, an average of 3 . 75 markers per primer. Fifty-eight RAPD markers were assigned to syntenic groups (Table 2) .
Microsatellite markers
The 182 horse microsatellite primer pairs used 3 A synteny map of the horse genome to screen the SCH panel provided horsespecific markers since no product was obtained using DNA from either mouse cell line. All microsatellites could be unambiguously assigned to a single syntenic group (Table 2) .
Syntenic groups
Thirty-three syntenic groups were identified, comprised of 0±10 RAPD and 0±17 microsatellite markers. Within all syntenic groups some individual pair-wise comparisons yielded cor- -16, -18, -19, -22, -23, -25, -41, -45, -46, -47 Godard et al. Bickel, unpublished data UCDEQ5, -14, -46, -62 Eggleston-Stott et al. (1996) UCDEQ136, -405, -412, -425, -437, -467, -487, -502, -505 Eggleston-Stott et al. (1997)  UCDEQ304  U67402  UCDEQ380  U67403  UCDEQ387  U67404  UCDEQ411  U67405  UCDEQ428  U67407  UCDEQ439  U67409  UCDEQ440  U67410  UCDEQ455  U67411  UCDEQ457  U67412  UCDEQ464  U67413  UCDEQ465  U67414  UCDEQ482  U67416  UCDEQ493  U67418  UCDEQ497  U67419  UM001, - ISCNDH 1997) . If there is a number or X or Y in this column, markers were assigned to this chromosome through synteny or linkage with physically mapped microsatellites or genes. If there is a U in this column, the syntenic group is provisionally assigned to the chromosome indicated in brackets, based on work in progress with type I markers and correspondence with Zoo±FISH studies (Raudsepp et al. 1996) . If there is an N in this column, the syntenic group cannot be assigned to a single chromosome (see following notes). y Microsatellite markers in bold were physically assigned to the indicated chromosomes by in situ hybridization or an atypical microsatellite allelic profiles for a defined aneuploidy. z HMS6: syntenic assignment in the group, although r-value less than 0 . 70.
x Groups A and B cannot currently be assigned to any chromosome, but most likely will be assigned to chromosomes 27 and 31. { Groups C and D cannot currently be assigned to any chromosome, but most likely will be assigned to chromosomes 8 and 28.
5
A synteny map of the horse genome relation coefficients above 0 . 9 (correlation and concordance data at: www.vgl.ucdavis.edu/ horse). Twenty-two syntenic groups were chromosomally assigned based on correlation with physically mapped markers; syntenic groups for 11 chromosomes without physically mapped microsatellites were provisionally assigned, as explained below. Syntenic groups UCD1, 2, 3, 4, 6, 9, 10, 11, 12, 15, 18, 19, 20, 21, 22, 23 and 24 were assigned to the corresponding horse chromosomes by correlation with 31 microsatellite markers previously physically assigned by in situ hybridization to those chromosomes: ECA-2 , ECA-3 ), ASB2, -4, -6, -8, -9, -14, -15, -17 (Breen et al. 1997 ), SGCV02, -04, -06, -07, -10, -13, -14, -16, -18, -21, -22, -23, -25 (Godard et al. 1997 , AHT-4, HMS-15, -19, -42, -47, HTG-6, -9, SGCV30 (Godard et al. 1998) . The assignment of VHL20 and LEX025 to UCD30 was provided by DNA typing results for a horse known to be trisomic for chromosome 30 that showed microsatellite profiles for these markers consistent with trisomy . UCD26 was similarly assigned following analysis of distinctive microsatellite UM005 typing results for a horse trisomic for chromosome 26 (unpublished data).
Three additional groups (UCD13, 32, 33) were assigned to chromosomes based either on linkage or synteny with physically assigned type I markers. Group UCD13 was assigned based on synteny of markers with ASB1 for which Breen et al. (1997) provided linkage data with the physically assigned gene HBA. UCD32 and UCD33 were assigned to the X-and Ychromosomes, respectively (data not shown) based on an X-chromosome pattern of allelic segregation for LEX003 and UCDEQ502 in family studies and on synteny with the sex chromosome type I markers ZFX, ZFY and SRY (Aasen & Medrano 1990; Griffiths & Tiwari 1993) .
Discrepant results between three published in situ hybridization assignments and the syntenic groups were found: SGCV17, physically assigned to chromosome 9, was clustered with two markers (ASB6 and ASB9) in UCD10 physically assigned to chromosome 10; and SGCV01 and SGCV03, assigned to 19 and 13, respectively, were clustered with markers in a single group, UCD22. We chose to group these microsatellites according to their syntenic assignment. If both the physical and syntenic assignments are confirmed to be correct, then a plausible explanation for the discrepancy is chimerism in the cosmid clone that contained the microsatellite. Another difference with published information is in our chromosome assignment for ASB7. Originally that marker was assigned to chromosome 16 (Breen et al. 1997 ), but it is now assigned to chromosome 19 (M. Breen, personal communication) .
No physically assigned microsatellite markers were available at the time of this report for 11 horse chromosomes (5, 7, 8, 14, 16, 17, 25, 27, 28, 29, 31) but the 11 remaining syntenic groups could be provisionally assigned to these chromosomes (Table 2 ) based on work in progress using correspondence between Zoo±FISH data (Raudsepp et al. 1996) and the synteny assignments of genes identified with universal primers for coding gene markers (Lyons et al. 1997 ) (Caetano et al. in preparation) .
Discussion
One hundred and eight SCH clonal lines were established from the horse±mouse fusion experiments. This is the first application of the use of the pSV2neo G418 resistance selectable marker for the generation of a SCH panel. The utility of this approach is two-fold. First, there is no need to select for a thymidine kinase or hypoxanthine phosphoribosyl transferase resistant cell line for use as a selectable marker. Second, because pSV2neo integrates into the horse fibroblast chromosomes at random, the use of a polyclonal pSV2neo transformed cell population will result in the selective retention of different chromosomes bearing pSV2neo in different hybrid cells. Thus, we demonstrate that it is possible to construct a useful horse± mouse SCH panel using pSV2neo, a plasmid that integrates randomly into the genome and confers G418 resistance, as the selectable marker.
The SCH panel may be deficient for the intact large metacentric chromosomes as these were rarely observed in the 35 clones examined cytologically (data not shown). However, the evidence of stable mouse±horse translocations, the observation that all 182 microsatellite markers screened were present in the panel and the definition of 33 syntenic groups as expected for the horse karyotype, suggest that the entire chromosome complement was most likely present in the clone panel, even if fragmented. The average number of horse chromosomes per clone maintained in this panel was higher than the single human chromosome that is optimally obtained in human±mouse hybrid cell lines (Ruddle 1973) , but was comparable to pig±mouse LMTk -hybrids (Zijlstra et al. 1994) .
RAPD markers were chosen for the initial screening of the SCH panel because they were readily available, inexpensive, easily screened and provided for the quick development of a preliminary horse synteny map (Bickel et al. 1998 ) pending development of an extensive library of horse microsatellites and markers for coding genes. For later generations of the horse genetic map, RAPDs will likely cease to be important markers because of the development of the more useful microsatellite-based markers, but at the initial stage, they provided reliable markers to assist in the allocation of microsatellites into robust syntenic groups.
The microsatellite markers screened in this study included 22 that were analyzed by Bailey et al. (1995) on their SCH panel. With two exceptions, our study confirmed the assignments of syntenic relationships reported in that paper. First, our panel provided separate syntenic group assignments for HMS5 and HTG5 (UCD5 and UCD20, respectively) that were reported as sharing a syntenic assignment in their panel. Subsequently, it was decided that the syntenic relationships for HMS5 were inconclusive (E. Bailey, unpublished results). Second, Bailey et al. (1995) identified a syntenic group that included markers HMS6, HTG7 and HTG9. In our study the correlation coefficient between HMS6 and other markers in the syntenic group we assigned as UCD4 ranged from 0 . 62 to 0 . 67, which was below the minimum 0 . 70 correlation coefficient we chose to define groups for our synteny map. Nonetheless, since our data did not appear to assign HMS6 to any other group, we conditionally included HMS6 in syntenic group UCD4.
None of the syntenic assignments of this panel is in disagreement with reported microsatellite linkage assignments Breen et al. 1997; Godard et al. 1997) except for an HTG7±HTG12 linkage report (Marklund et al. 1994) . In our panel, HTG7 and HTG12 are in two syntenic groups (UCD4 and UCD1). Bailey et al. (1995) also assigned these markers to different syntenic groups.
Physical mapping information is essential for the construction of the horse synteny map, and this report underscores the need for more data both to verify the assignments and to complete the basic framework map. While the association of markers within the synteny groups appears to be solidly defined by high correlation values, their assignments to specific chromosomes needs to be strengthened with additional physically assigned markers to corroborate the proposed map. Eleven of the syntenic groups remained unassigned to chromosomes because as of this report no microsatellite markers had been physically mapped to them. However, work in progress with universal primers for coding genes (e.g. Lyons et al. 1997 ) and consideration of the information provided by Zoo±FISH studies (Raudsepp et al. 1996) allows the provisional assignment to specific chromosomes of all but four of these syntenic groups (A, B, C, D) ( Table 2) . Those four could be narrowed down to specific chromosomes for the A±B and the C±D pairs; however, more data are needed to substantiate the assignments.
Many of the microsatellite markers in this study are being used in an international collaborative effort to produce a linkage map for the horse that will define map distances and the linear order of these and other markers. Now that a foundation synteny map has been established, the SCH panel will continue to be a useful tool for rapid screening of new markers, particularly for research focused on specific chromosomes. Once several hundred coding gene markers have been placed in the syntenic groups, this map will provide an important first step toward establishing a comparative link between the microsatellite-based horse linkage map and genome maps of other species. Identification of syntenic regions that are conserved between horse and mice or humans will allow access to the vast amounts of information being generated in the human genome project. The elucidation of the equine synteny map also lays the groundwork for the creation of more detailed physically and genetically mapped markers with which to identify loci determining economically important traits. In addition, the horse is the first member of the perissodactyl order to be genetically characterized in detail. Such studies will make important contributions to comparative genetic studies of vertebrate genome evolution.
Note added in proof
The principal scientists involved have informed us that the primers for SGCV01 and SGCV03 (UCD22) and for LEX015 and LEX038 (UCD7) amplify the same loci. Henceforth the locus names SCGV03 and LEX038 are to be dropped and the respective loci will be referred to as SGCV01 and LEX015. With information provided by markers developed from an ECA6 microdissected chromosome library (Raudsepp, personal communication) and addittional type 1 markers tested across the synteny panel, we suggest that UCD6 should be assigned to ECA8. This in turn leads to the provisional assignment of UCD-C to ECA28 and UCD-D to ECA6. 7 A synteny map of the horse genome
